Some microRNAs (miRNAs) are key regulators of developmental processes, mainly by controlling 17 the accumulation of transcripts encoding transcription factors that are important for morphogenesis. 18 MADS-box genes encode a family of transcription factors which control diverse developmental 19 processes in flowering plants. Here we study the convergent evolution of two MIRNA (MIR) gene 20 families, named MIR444 and MIR824, targeting members of the same clade of MIKC C -group 21 MADS-box genes. We show that these two MIR genes most likely originated independently in 22 monocots (MIR444) and in Brassicales (eudicots, MIR824). We provide evidence that in both cases 23 the future target gene was transcribed in antisense prior to the evolution of the MIR genes. Both 24 MIR genes then likely originated by a partial inverted duplication of their target genes, resulting in 25 natural antisense organization of the newly evolved MIR gene and its target gene at birth. We thus 26 propose a new model for the origin of MIR genes, MEPIDAS (MicroRNA Evolution by Partial 27
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Origin of miR824 Figure 1 . Phylogeny of AGL17-like proteins as reconstructed using MrBayes. AGL17-like proteins from monocotyledonous and eudicotyledonous plants form two separate clades (indicated on the right). AGL17-like proteins from eudicots are subdivided into three subclades which we named ANR1-, AGL16-and AGL21-like proteins after representative proteins from Arabidopsis thaliana. The subclades ANR1-and AGL21-like proteins have been collapsed and are represented by triangles. AGL17-like proteins of which the corresponding transcripts are targeted by miRNAs are highlighted in red. The putative origins of the miRNAs as judged by the species to which the AGL17-like proteins of the different clades belong, are indicated by arrows. Numbers at the different nodes represent posterior probabilities. For a fully resolved version of the phylogeny see Supplementary Figure 1 .
Presence of the MIR444 gene family in monocots 140
MIR444 genes have previously been identified in a number of species belonging to the grass family 141
Poaceae (Lu, et al. 2008; Sunkar, et al. 2005; Sunkar, et al. 2008 ). There are ten orders of monocots 142 (Janssen and Bremer 2004) . Apart from the order Poales, core monocots include the following 143 orders (presented from most closely to most distantly related to Poales): Zingiberales, 144 Commelinales, Arecales, Asparagales, Liliales, Pandanales and Dioscoreales. Alismatales and 145
Acorales are early-branching orders of monocots. To get an initial idea on the distribution of 146 miR444 we conducted Northern blot analyses. We obtained signals for RNA isolated from plants 147 of the orders Poales, Commelinales, Zingiberales, Asparagales, Liliales and Dioscoreales 148 (Supplemental Figure 2 Figure 3 ). In all species for which we identified MIR444 genes, there is at least 155 one MIR444 gene that is orientated natural antisense to an AGL17-like gene ( Table 1, Figure 2  156 illustrates one example for each order, Supplemental Data). We identified at least one MIR444 gene 157 per species in transcriptome datasets suggesting expression of these genes. Using RNA secondary 158 structure prediction, we found evidence that all identified pri-MIR444 sequences are able to fold 159 into a stem-loop structure from which the mature miR444 may be processed ( 
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Stem-loop structures of pre-miRNAs 
3' 20 40 60 80 100 120 140 miR444a.1 Intron gain Differential conservation of mature miRNAs In cases where the genomic loci were taken from public genome data, the corresponding identifier of the scaffold is shown next to the locus. The stem-loop structures of the pre-miRNAs are shown as predicted by mfold (Zuker 2003 ) and shaded yellow. The mature miRNAs are indicated on the stem-loop structures either based on sequence similarity to osa-miR444d.1 and osa-miR444d.2 (dashed lines) or based on small RNAs found in next-generation sequencing data of the SRA database at NCBI (Sayers, et al. 2012 ) (solid lines). If several MIR444 genes were found in one species, one MIR444 was arbitrarily chosen for the depiction of its genomic locus and stem-loop structure in this figure. The events in the evolution of MIR444 by the partial inverted duplication mechanism are indicated on the phylogeny. Note that in the case of Triglochin maritima only part of the genomic locus of the AGL17-like gene was sequenced and we do not have sequence information for the rest of the locus (indicated by dashed lines).
evidence of the generation of mature miR444 for all species for which this type of data is available 162 (Table 1) . Up to three mature miR444 species are generated from an individual pre-MIR444 (Table  163 1, Figure 2 ). The positions of the mature miR444 species were often shifted as compared to the 164 positions of the mature miR444 species of osa-MIR444d (Table 1, Figure 2 ). As no whole genome 165 sequence of a species of the orders Liliales or Acorales has been sequenced yet, we searched for 166 evidence of pri-miR444 in these orders in the data of the 1000 plants (1KP) project. We were able 167 to identify a putative pri-MIR444 for three species of the Liliales (Table 1, Supplemental Data). In 168 contrast, we were unable to find a putative pri-MIR444 for any species of Acorales. 169
Regulation of an AGL17-like gene by miR444 in aerial yam 170
Dioscoreales are one of the earliest branching orders for which we found evidence for the presence 171 of MIR444 genes. Hence, we investigated Dioscorea bulbifera (aerial yam) in more detail. We first 172 confirmed the expression of the MIR444 gene and an AGL17-like gene (DbuAGL17). For both the 173 D. bulbifera pri-MIR444 and DbuAGL17 we found a high number of alternative splice variants, 174
including some lacking the exon harboring the mature miRNA or the miR* (Supplemental Figure  175 4), and splice variants lacking the exon which contains the miRNA target site, respectively. Using 176 genome walking we were also able to confirm that the dbu-MIR444 gene is natural antisense to 177 Figure 6) . Surprisingly, we obtained numerous cleavage 191 products but none with a cleavage site at the expected positions for dbu-miR444-dependent 192 8 cleavage events. We also analyzed the cleavage products of the DbuAGL17 transcript isolated from 193 N. benthamiana leaves infiltrated with A. tumefaciens containing DbuAGL17 fused to GFP alone 194 or together with A. tumefaciens containing the dbu-MIR444 gene construct ( Figure 3 ). One band 195 on our agarose gel was found exclusively from N. benthamiana leaves which had been co-196 infiltrated with A. tumefaciens containing the dbu-MIR444 gene construct. Analysis of this band 197 revealed that most sequenced clones had a cleavage site at a position expected for dbu-miR444.1-198 mediated cleavage ( Figure 3 ). We hypothesize that expression of DbuAGL17 is regulated by dbu-199 miR444, either by translational repression or by transcript cleavage followed by rapid degradation 200 of the cleavage products. 201
An antisense transcript of an AGL17-like gene is present in Alismatales 202
For the order Alismatales, we did not detect a signal for a mature miR444 in our Northern blot 203 analysis (Supplemental Figure 2 ), and we did not identify a MIR444 gene in the genomes of the 204 species Spirodela polyrhiza (Wang, et al. 2014) , Zostera marina (Olsen, et al. 2016) or Zostera 205 muelleri (Golicz, et al. 2015) . To further investigate the status of MIR444 in Alismatales, we 206 conducted detailed analyses in Triglochin maritima. We found several transcripts for potential 207 AGL17-like genes as well as several antisense transcripts to the AGL17-like genes of T. maritima. 208
The longest antisense transcript has a total length of around 850 bp and is antisense to exons 4 to 209 7 of an AGL17-like gene. However, none of these antisense transcripts contains a putative miR*, 210 or would be predicted to fold into a stem-loop structure as typical for pri-miRNAs (Supplemental 211 Figure 7 ). Additionally, genome walking of around 9.5 kb downstream of the exon containing the 212 putative target site of an AGL17-like gene did not identify a sequence which could serve as a 213 putative miR* (Supplemental Data). 214
No MIR444 gene in Acorales 215
Acorales is the earliest branching order of monocots. We did not detect a signal for a mature 216 miR444 in Acorales in our Northern blot analysis (Supplemental Figure 2) and did not identify a 217 putative pri-MIR444 in transcriptome data. We were able to amplify the transcript of an AGL17-218 like gene from Acorus gramineus (AgAGL17). AgAGL17 contains a conserved potential miR444 219 target site (Supplemental Figure 8 ). However, we were unable to amplify a pri-MIR444 or a 220 MIR444 gene from cDNA or genomic DNA, respectively. Additionally, genome walking of around 221 9 kb 3' of the last exon of the AgAGL17 gene did not identify a sequence which could serve as a 222 putative miR* (Supplemental Data). 223 
Presence of the MIR824 gene family in Brassicales 224
MIR824 has been identified in A. thaliana and other crucifer species (Kutter, et al. 2007 found on different chromosomes to their corresponding AGL16-like genes (Figure 4 ). In contrast, 246 the MIR824 genes were located on the same chromosomes as their corresponding AGL16-like 247 genes for all genomes investigated of species from extended lineage II (B. rapa, B. oleracea, 248
Sisymbrium irio, Schrenkiella parvula, and Eutrema salsugineum). The distances between the 249 MIR824 genes and the AGL16-like genes range from 0.8 to 8.5 Mbp (Figure 4 ). In Aethionema 250 arabicum, a species of the earliest branching lineage of the Brassicaceae, the AGL16-like and the 251 MIR824 gene were found on different, short scaffolds. Hence, it is not possible to determine from 252 the current genome assembly of A. arabicum whether or not the AGL16-like and the MIR824 gene 253 are on the same chromosome. For T. hassleriana, we found two AGL16-like genes. These two 254 genes are about 12 kbp apart. Interestingly, we found that one of the two MIR824 genes in this Scaffold 1 Scaffold00053 Supercontig_177 species is natural antisense to one of the two AGL16-like genes (Figure 4 ). We thus hypothesize 256 that the natural antisense organization of a MIR824 and an AGL16-like gene may represent the 257 ancestral genomic organization of the MIR and its target gene. 258
Regulation of AGL16-like genes by miR824 in the spider plant 259
The spider plant T. hassleriana represents the earliest branching species in which we identified a 260 MIR824 gene. Hence, we investigated this species in more detail. Using 3´ RACE we confirmed 261 expression of the T. hassleriana pri-miR824a. For the 3´ part of the T. hassleriana pri-MIR824a 262 we identified four splice variants. We were also able to clone transcripts of the two AGL16-like 263 genes. We named the AGL16-like gene which is natural antisense to the MIR824 gene ThAGL16a, 264 and the other gene ThAGL16b. 265
To confirm regulation of ThAGL16a by miR824, we used a modified 5´-RACE technique. We 266 identified cleavage products of the ThAGL16a transcript in T. hassleriana leaves. For 12 out of the 267 16 clones sequenced, the cleavage site was found between the nucleotides in the target site that are 268 complementary to positions 10 and 11 of the mature miR824, as would be expected for a miR824-269 mediated cleavage (Supplemental Figure 9 ). This suggests that miR824 regulates ThAGL16a by 270 mRNA cleavage in T. hassleriana. 271
An antisense transcript of an AGL16-like gene is present in papaya 272
We were unable to identify the MIR824 gene in Carica papaya, the most closely related species to 273 Brassicaceae and Cleomaceae for which whole genome information is available (Ming, et al. 2008) . 274 However, by searching short read data we were able to find evidence of an antisense transcript of (Figure 1 ). Seventeen clades of ancient and conserved MIKC C -group genes are 287 distinguished in flowering plants (Gramzow, et al. 2014 ). miRNA-regulation has been shown for 288 only one other clade of MIKC C -group genes in flowering plants: miR5179 has been described to 289 regulate DEF-like genes in Orchis italica (Aceto, et al. 2014 ). The fact that 15 clades of MIKC C -290 group genes do not seem to be regulated by miRNAs, yet two miRNAs which regulate the clade of 291 AGL17-like genes have evolved independently, may be due to chance. Another possibility is that 292 the miRNA-dependent regulation of this clade of MIKC C -group genes is evolutionary 293 advantageous, such that there is strong selection for the conservation of miRNAs regulating 294 AGL17-like genes once these miRNAs evolved. Prominent phenotypes of AGL17-like genes are 295 rare but this clade of MADS-box genes has been strongly maintained during angiosperm evolution 296 (Gramzow and Theissen 2015) . A number of AGL17-like genes, such as ANR1 and AGL21 from 297 and AGL16 from A. thaliana (Han, et al. 2008; Hu, et al. 2014) , in the regulation of stomata density 301 on leaves such as AGL16 (Kutter, et al. 2007 ) and in the determination of tiller number like 302
OsMADS57 from O. sativa (Guo, et al. 2013 ). These functions may benefit from an additional layer 303 of regulation provided by miRNAs. Another explanation for the apparently preferential regulation 304 of AGL17-like genes by miRNAs as compared to other MIKC C -group genes could be that AGL17-305 like genes are somehow prone to the evolution of MIR genes. However, the mechanism for such a 306 potential predisposition to the evolution of MIR genes remains unknown. 307
Independent origin of MIR444 and MIR824 genes 308
We found evidence of MIR444 genes in all orders of core monocots but not in the monocot orders 309
Alismatales and Acorales despite analyses of the genome of three Alismatales species S. polyrhiza, 310 Z. marina and Z. muelleri, as well as extensive cloning efforts in the Acorales species A. gramineus. 311
There are some reports of miR444 in eudicots, like in Boechera species (Amiteye, et al. 2011), 312 Citrus sinensis , Gossypium hirsutum (Ruan, et al. 2009 ), Dimocarpus longan (Lin 313 and Lai 2013) and Fragaria × ananassa (Ge, et al. 2013 ). However, for the miR444 found in 314
Boechera species, no stem-loop could be predicted (Amiteye, et al. 2011) , making the presence of 315 a genuine miRNA seem unlikely. Additionally, in the case of C. sinensis it has since been shown 316 that the identified miRNA is a novel miRNA, rather than one belonging to the previously defined 317 MIR444 family (Taylor, et al. 2017 ). Likewise, the sequences for the miR444 of D. longan and F. 318 ananassa provided by the authors exhibit at least five mismatches as compared to the most similar 319 monocot miR444 (Supplemental Figure 11) , rendering assignment of these sequences to the 320 miR444 family questionable. In contrast, sequences of miR444 from G. hirsutum are identical to 321 miR444 from O. sativa (Supplemental Figure 11) but their presence may have been due to 322 contamination with O. sativa miRNAs. Hence, we are quite confident that MIR444 genes evolved 323 in a common ancestor of core monocots about 120 MYA (Magallon, et al. 2015) (Figure 2) , and 324
were not present in the much earlier stem group of monocots and eudicots. 325
We detected MIR824 genes in different Brassicaceae species and in the Cleomaceae T. hassleriana, 326
but not in other eudicot species. There are no reports of miR824 in species outside the order 327
Brassicales, to which all the investigated species belong. Therefore, MIR824 genes likely evolved 328 in a common ancestor of Brassicaceae and Cleomaceae about 50 MYA (Guo, et al. 2017) . 329
The miR444 target sites are found in regions encoding the K-domain while the miR824 target sites 330 are present in sequences encoding the C-terminal domain of the corresponding MIKC C -group 331 MADS-box genes (Kutter, et al. 2007; Lu, et al. 2008; Sunkar, et al. 2005) . Additionally, pre-332 miR444 sequences are quite dissimilar to pre-miR824 sequences, e.g. an alignment of the precursor 333 sequences of ath-miR824 with osa-miR444d reveals a sequence identity of only 0.1 (Supplemental 334 Figure 12 ). 335
Taken together, our analyses strongly suggest that the MIR444 and MIR824 genes originated 336 independently. 337
Antisense transcription of future target genes 338
We found an antisense transcript of an AGL17-like gene in T. maritima (Alismatales). We 339 hypothesize that antisense transcription of AGL17-like genes evolved in a common ancestor of 340 monocots after Acorales branched off, but prior to the evolution of MIR444 genes which originated 341 in the remaining monocots after the Alismatales branched off. Similarly, there is an antisense 342 transcript of the AGL16-like gene in C. papaya (Caricaceae). Hence, it is conceivable that AGL16-343 like genes were transcribed in antisense orientation in a common ancestor of Brassicaceae, 344 Cleomaceae and Caricaceae before MIR824 genes evolved in a common ancestor of Brassicaceae 345 and Cleomaceae. Taken together, we suggest that antisense transcription of the future target genes 346 of miR444 and miR824 evolved prior to the origin of the corresponding MIR genes. In general, 347 acquisition of transcription from the antisense strand is not unlikely, as it has been shown that 348 13 around 25% of plant genes exhibit antisense expression (Li, et al. 2006; Poole, et al. 2008; Yamada, 349 et al. 2003) . In fact, existence of antisense transcription would ensure immediate expression of a 350 partly inversely duplicated genomic locus, potentially giving rise to a new miRNA. Furthermore, 351 the antisense transcript may have already been involved in regulation of the sense gene (the future 352 target gene) in a certain spatio-temporal pattern. Consequently, the newly evolved MIR gene, 353 driven by the existing promoter, would gain the same transcription pattern as the antisense 354 transcript had had previously, enabling it to regulate its target gene in the same useful spatio-355 temporal pattern. In this way, antisense transcription could truly facilitate MIR gene origin. 356
Evolution of MIR444 and MIR824 genes by partial inverted duplication 357
In all species in which we analyzed the genomic location of the MIR444 genes, they were found to 358 be natural antisense to their target genes, and to have an intron separating the exons encoding the 359 mature miRNA and the miR*, as has been shown for O. sativa previously (Lu, et al. 2008; Sunkar, 360 et al. 2005; Sunkar, et al. 2008 ). It has been suggested that the natural antisense organization and 361 the intron are best explained by an origin of the ancestral MIR444 gene by a partial inverted 362 duplication of its target gene (Lu, et al. 2008 ). In each investigated species the mature miR444 and 363 the miR* are encoded by regions antisense to the third exon and to the downstream region of the 364 AGL17-like target gene, respectively. The similarity between the target gene and its downstream 365 region generally only comprises the parts encoding the stem of the pre-MIR444. We hypothesize 366 that the ancestral MIR444 gene likely evolved by a partial inverted duplication of a region including 367 the third exon, where the copy inserted into a region downstream of an AGL17-like gene 368 (Supplemental Figure 13) . 369
The miR824 target sites are found in a region coding for the C-terminal domain in the last exon of 370 their target genes. Sequence similarities between the MIR824 gene and its target gene beyond the 371 mature miR824 have previously been noted in A. thaliana: The region encoding the part of the 372 stem-loop on which miR824 is found was shown to be complementary to a region from the last 373 exon, while the region encoding the part of the stem-loop carrying the miR824* was found to be 374 most similar to a region within the third intron (Fahlgren, et al. 2007 ). Our analyses of T. 375 hassleriana reveal that one MIR824 gene is natural antisense to an AGL16-like gene in this species. 376
The region encoding the mature miR824a is natural antisense to the last exon and the region coding 377 for the miR824a* is natural antisense to the third intron of the AGL16-like gene. The similarity 378 between the genomic regions encoding the mature miR824a and the miR824a* only comprises the 379 parts giving rise to the stem of pre-miR824a. Consequently, the ancestral MIR824 gene presumably 380 evolved by a partial inverted duplication of a region containing the last exon, where the copy is 381 found in the third intron of the target gene (Supplemental Figure 13 ). 382 Evolution of MIR genes by inverted duplication of their target genes has been hypothesized for a 383 number of young, i.e. species-, genus-or family-specific plant miRNAs (Allen, et al. 2004; 384 Baldrich, et al. 2018; Fahlgren, et al. 2007 ). 385
For both the MIR444 and the MIR824 genes, the partial duplication of the target gene resulted in 386 the evolution of MIR genes that were natural antisense to their target genes. Whereas the natural 387 antisense organization was conserved for MIR444 genes, it was only conserved for the MIR824a 388 gene of T. hassleriana but lost for the MIR824 genes of Brassicaceae. Beside the MIR444 genes 389
and their corresponding AGL17-like target genes in O. sativa, for which the natural antisense 390 organization had previously been shown (Lu, et al. 2008) , the tha-MIR824 gene and its target gene 391
ThAGL16a is only the second example of a MIR-target gene pair for which the natural antisense 392 organization has been found so far. 393
Position of miR444 but not of miR824 shifted during evolution 394
Relative to the position of the miR444 species in the stem-loop of pre-miR444d of O. sativa, the 395 mature miR444 species are often shifted in other monocot species (Figure 2) . The difference in the 396 position of the mature miRNAs may be due to slight differences in the precursor structures of 397 MIR444 in the different species. These differences may lead to different processing of the MIR444 398 by the miRNA machinery. Indeed, it has been shown that the precise recognition of the mature 399 miRNA from the pri-miRNA depends on precursor structure-encoded processing signals (Bologna, 400 et al. 2013; Mateos, et al. 2010; Song, et al. 2010b ). In A. thaliana, members of the same miRNA 401 family can be processed in different ways. For example, while MIR171a is processed in a base-to-402 loop direction, MIR171b is processed in a loop-to-base direction. Furthermore, the mature 403 miR170/171a and miR171b are offset by three bases. It was hypothesized that this shift in their 404 sequences may have originated as a consequence of diversification of the processing pathways of 405 the family (Bologna, et al. 2013) . This is quite similar to what we observe for MIR444. 406
In contrast, the mature miRNA of MIR824 seems to be identical in all species as based on published 407 data and small RNA data on MIR824 (Kutter, et al. 2007) . Hence, only one miRNA processing 408 pathway seems to be possible for MIR824 in all species studied. 409
MiRNA Evolution by Partial Inverted Duplication of Antisense-transcribed Sequences 410 15
Based on our observations on the evolution of MIR444 and MIR824 genes we propose the scenario 411
MEPIDAS (MiRNA Evolution by Partial Inverted Duplication of Antisense-transcribed 412
Sequences) for the evolution of MIR genes. Our scenario represents a significant modification of 413 the inverted duplication mechanism suggested by Allen, et al. (2004) . 414
According to our hypothesis, a miRNA evolves at the locus of its future target gene ( Figure 5A) . 415
First, antisense-transcription of the gene evolves ( Figure 5B ) by acquisition of a promoter. As 416 discussed above, this is an important step, as for a miRNA to evolve the corresponding locus of the 417 MIR gene must be transcribed. A partial inverted duplication (PID) at the genomic locus of the 418 future target gene leads to an antisense transcript that folds into a stem-loop structure ( Figure 5C ). 419
This stem-loop structure is recognized by the siRNA biogenesis pathway as proposed by Allen, et 420 al. (2004) or it may even be recognized by the miRNA biogenesis pathway straight away if the PID 421 was small enough. At the time of the PID, or subsequently, splicing of the antisense transcript may 422 evolve ( Figure 5D ) as in the case of MIR444. It should be noted that if complete exons with 423 surrounding intron sequences are inversely duplicated, at least the acceptor splice sites upstream 424 and the donor splice sites downstream of these inverse exons would be present and hence the 425 evolution of splicing might be facilitated. After the PID event, the antisense transcript folds into a 426 stem-loop structure with an extended stem of perfect complementarity. Furthermore, the antisense 427 transcript is perfectly complementary to its target gene over an extended region (the region of the 428 antisense transcript which is overlapping with exons of the target gene). Hence, the transcript has 429 the potential to give rise to several mature miRNAs as in the case of MIR444. Different mature 430 miRNAs may then evolve in different lineages after speciation ( Figure 5E ). The natural antisense 431 organization of the MIR to its target gene may be lost at any stage of the evolution of MIR genes 432 by MEPIDAS ( Figure 5F ). The prerequisite for the loss of the natural antisense organization is the 433 prior duplication of the target gene. Then, the target gene natural antisense to the MIR gene may 434 degenerate ( Figure 5F ) and the miRNA will come to regulate the duplicate gene. 435 MEPIDAS provides a detailed picture of the evolution of MIR genes. Our scenario suggests that 436 the transcription of the future MIR gene is ensured by existing antisense transcription of the future 437 target gene. It also shows how a partial inverted duplication may lead to a transcript that is 438 immediately recognized by the miRNA biogenesis machinery. Furthermore, we show that a natural 439 antisense organization of the MIR to its target gene may actually be a frequent outcome of a partial 440 inverted duplication but may be rapidly lost in most cases. Our study also illustrates how 441 comparative genomics helps to elucidate the origin of older MIR genes. It may hence serve as a Figures 2 and 4 , the genomic loci of the (future) target genes and the MIR genes or antisense genes are depicted by double arrows representing double-stranded DNA; the arrow heads indicate the 3' ends. Exons are shown as boxes on the strand transcribed into RNA (i.e. coding strand), whereas introns are shown as lines. Exons of the (future) target genes are shown in black while exons of the MIR genes and the antisense genes are colored red. Regions which are reverse complementary to each other due to a partial inverted duplication are indicated by a color gradient. Putative stem-loop structures of pre-miRNAs encoded by MIR genes are given on the right if applicable. For the stem of the stem-loop structure the same color gradient is used as for the genomic locus to indicate which genomic regions the stem is encoded by. (A) Future target gene with regular transcription of the coding strand. (B) Acquisition of a promoter (not shown) leads to antisense-transcription of the gene, indicated by an exon appearing on the lower DNA strand. (C) State of the locus after partial inverted duplication (PID) of the gene. After PID, the antisense transcript is able to fold into a stem-loop structure which is recognized by the siRNA or miRNA biogenesis pathway. (D) Structure of the locus after splicing of the antisense transcript evolved (optional) and partial sequence divergence of the inverted duplication locus. These events lead to shortening of the stem-loop structure. (E) Different genomic loci giving rise to diverse mature miRNAs in different plant lineages. This may evolve by conservation of different parts of the inverted duplication locus after speciation. (F) Genomic locus after the natural antisense organization of the MIR gene to its target gene is lost, which may happen at any stage of the evolution of MIR genes by PID. The prerequisite for the loss of the natural antisense organization is the prior duplication of the target gene.
blueprint for the clarification of the origin of many more MIR genes whose origin has so far 443 remained enigmatic. To identify transcripts of AGL17-like genes of species of the orders Liliales, Pandanales, 457
Alismatales and Acorales, we searched the 1KP data (www.onekp.org) using BLAST with the 458 sequence of OsMADS23 as query. 459
Identification of MIR444 460
The monocot genomes listed in the Supplemental Methods were searched using BLAST (Altschul, 461 et al. 1990 ) with the sequence of the pre-miRNA of osa-MIR444d as query sequence (Lu, et al. 462 2008) . The best BLAST hits for all of those species were examined to determine whether the 463 identified genomic loci may encode MIR444. To do so, the genomic sequences of the 464 corresponding BLAST hits were extracted including 30 kbp of sequence up-and downstream of 465 those BLAST hits. By comparison of those genomic sequences to the sequences of the pre-miRNAs 466 of O. sativa and with attention to the canonical splice sites, putative exons encoding the precursors 467 of MIR444 in these species were determined. Subsequently, we attempted to obtain expression 468 evidence for the putative miRNAs identified by querying the short read archive (SRA) at NCBI 469 (Sayers, et al. 2012 ). We searched these expression datasets for each species independently, using 470 BLAST with the sequences of the putative miRNAs as query. The identified expressed sequences 471 were assembled using Sequencher 5.1 (Gene Codes, Ann Arbor, Michigan, USA) where the 472 sequences of the putative miRNAs were included as well. If some of the identified expressed 473 
